The trimeric Moloney murine leukemia virus Env protein matures by two proteolytic cleavages. First, furin cleaves the Env precursor into the surface (SU) and transmembrane (TM) subunits in the cell and then the viral protease cleaves the R-peptide from TM in new virus. Here we analyzed the structure of the furin precursor, by cryoelectron microscopy. We transfected 293T cells with a furin cleavage site provirus mutant, R466G/K468G, and produced the virus in the presence of amprenavir to also inhibit the R-peptide cleavage. Although Env incorporation into particles was inhibited, enough precursor could be isolated and analyzed by cryoelectron microscopy to yield a 3D structure at 22 Å resolution. This showed an open cage-like structure like that of the R-peptide precursor and the mature Env described before. However, the middle protrusion of the protomeric unit, so prominently pointing out from the side of the more mature forms of the Env, was absent. Instead, there was extra density in the top protrusion. This suggested that the C-terminal SU domain was associated alongside the receptor binding N-terminal SU domain in the furin precursor. This was supported by mapping with a SU C-terminal domain-specific antigen binding fragment. We concluded that furin cleavage not only separates the subunits and liberates the fusion peptide at the end of TM but also allows the C-terminal domain to relocate into a peripheral position. This conformational change might explain how the C-terminal domain of SU gains the potential to undergo disulfide isomerization, an event that facilitates membrane fusion.
The trimeric Moloney murine leukemia virus Env protein matures by two proteolytic cleavages. First, furin cleaves the Env precursor into the surface (SU) and transmembrane (TM) subunits in the cell and then the viral protease cleaves the R-peptide from TM in new virus. Here we analyzed the structure of the furin precursor, by cryoelectron microscopy. We transfected 293T cells with a furin cleavage site provirus mutant, R466G/K468G, and produced the virus in the presence of amprenavir to also inhibit the R-peptide cleavage. Although Env incorporation into particles was inhibited, enough precursor could be isolated and analyzed by cryoelectron microscopy to yield a 3D structure at 22 Å resolution. This showed an open cage-like structure like that of the R-peptide precursor and the mature Env described before. However, the middle protrusion of the protomeric unit, so prominently pointing out from the side of the more mature forms of the Env, was absent. Instead, there was extra density in the top protrusion. This suggested that the C-terminal SU domain was associated alongside the receptor binding N-terminal SU domain in the furin precursor. This was supported by mapping with a SU C-terminal domain-specific antigen binding fragment. We concluded that furin cleavage not only separates the subunits and liberates the fusion peptide at the end of TM but also allows the C-terminal domain to relocate into a peripheral position. This conformational change might explain how the C-terminal domain of SU gains the potential to undergo disulfide isomerization, an event that facilitates membrane fusion.
retrovirus | Env maturation | cryo-EM T ypically, the membrane fusing type I spike proteins of enveloped viruses are made in the rough endoplasmic reticulum (RER) as trimers of a precursor polypeptide (1) . This is cleaved into a peripheral and a transmembrane subunit by furin or a related enzyme when the protein passes the Golgi complex en route to the cell surface for virus assembly by budding (2) . The cleavage primes the spike protein for activation by the viral receptor and/ or low pH to induce virus entry through fusion of the viral and the cell membranes. In particular, the cleavage releases the fusion peptide at the N terminus of the transmembrane subunit. With the fusion peptides, the transmembrane subunits can interact with the cell membrane and then bring together the cell and the viral membranes by back-folding their polypeptides into a six-helix bundle (3, 4) . In the mature spike of the virus, this process is inhibited by the peripheral subunit, and it is only after the viral receptor and/or low pH has removed this clamp that the transmembrane subunit can function. The synthesis of the fusion protein in a precursor form prevents premature receptor and/or low pH-mediated activation in the virus-producing cell.
In the cases of influenza and paramyxovirus, the atomic structures of the precursor and mature forms of the membrane fusing proteins, the hemagglutinin, HA, and the F protein, respectively, have been determined (5) (6) (7) (8) . In both cases, the release of the fusion peptide by furin cleavage caused only a local structural change in the protein. In the present work, we have determined the structure of the membrane fusion protein (Env) precursor of a γ-retrovirus, the Moloney mouse leukemia virus (Mo-MLV), by cryo-electron microscopy (cryo-EM) and compared it with its more mature forms, which we determined before. We found that furin cleavage of the Env precursor resulted in a major change of the spike structure.
The peripheral or surface subunit (SU) of the Mo-MLV Env is composed of a receptor-binding N-terminal domain, RBD, which is linked to a C-terminal domain by a proline rich region (PRR) (9) . Binding of the viral receptor, a cationic amino acid transporter, MCAT-1, to the RBD activates the TM subunits via the C-terminal domains (10−13). The latter are linked to the TM subunits by intersubunit disulfides, and these inhibit TM activation (14) (15) (16) . In the C-terminal domain of SU, the Cysteine (Cys) residue of this bond is part of a CXXC motif, where the other Cys is free (14, 16) . When the RBD activates the C-terminal domain, the thiol of this Cys becomes deprotonated and attacks the intersubunit disulfide, causing its isomerization to a disulfide within the motif instead. This gives the TM subunits the freedom to fuse the viral and cell membranes through refolding.
Cryo-EM analyses of the Mo-MLV Env structure have shown that it does not have the head and stem feature typical for the membrane fusion spikes of many other enveloped viruses, but an open cage-like appearance with tripod legs (17, 18) . The protomeric unit of the Env, i.e., the SU−TM subunit pair, forms three protrusions, an upper, bent finger-like one, constituting the cage roof and the upper side, a middle one making a side lobe, and a bottom one constituting a spike leg. The atomic structure of the RBD has been fitted into the top, bent finger-like protrusion, the bottom one should represent the TM subunit, and the middle one, by deduction, the C-terminal domain of SU (18, 19) . The Env can be activated by Ca 2+ depletion and the activation process arrested at an intermediate, isomerization inhibited stage by Significance Viral membrane fusion proteins or spikes, like those of influenza, paramyxo, and retroviruses, mature by furin cleavage in the infected cell into a form that can be activated by receptor binding and/or low pH. Although the cleavage of the precursor releases the fusion peptide at the end of the transmembrane subunit, structural studies have shown that this causes only a local change in spike organization. Here we have studied the effect of furin cleavage on the fusion protein of a γ-retrovirus, the murine leukemia virus, by cryoelectron microscopy. We found that this caused a major reorganization of the spike structure. This might explain the activation of the intersubunit disulfide isomerase, which is unique for the spike of these retroviruses.
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Data deposition: The electron microscopy density maps reported in this paper have been deposited in the Electron Microscopy Data Bank, http://www.emdatabank.org/ (accession no(s). EMD-5936-EMD-5939). alkylating the CXXC thiol (16) . We have studied the structure of the isomerization arrested intermediate Env (IAS) and found that Env activation is initiated by the outward rotation of the RBDs (18) . This opened a hole in the cage roof, which might be used by the TM subunits to reach the cell membrane with their fusion peptides.
The Mo-MLV Env has two precursor forms. Cleavage of the primary precursor, the furin precursor, by furin generates the Rpeptide precursor. The latter still requires a second cleavage to prime it for receptor-induced activation. This is done by the viral protease, which in newly assembled virus cleaves off a 16-residue peptide, the R-peptide from the C-terminal, membrane-internal end of the TM subunits (20) (21) (22) . In the infected cell, the Rpeptide has been shown to inhibit cell−cell fusion of furincleaved Env (23, 24) . We have inhibited the R-peptide cleavage with the protease inhibitor amprenavir and produced virus with the R-peptide precursor Env (25) . Cryo-EM analysis of solubilized and isolated precursors showed that the SU part of Env, with the upper and middle protrusions, maintained a very similar structure as in the mature Env, but the TM legs, which were separated in the mature Env, were tied together at their lower end by the R-peptide (26) . This should effectively inhibit a TM refolding mediated membrane fusion process. In this work, we have used a Mo-MLV mutant with furin cleavage site violations in Env and amprenavir to produce virus with the primary, furin precursor form of Env. Structural analyses by cryo-EM showed that the C-terminal domain of SU, with the disulfide isomerase, as mapped with a domain-specific antigen binding fragment (Fab), did not form the middle protrusion but was associated with the RBD at the upper part of Env instead. The implications of this major structural change by furin cleavage of the Mo-MLV Env precursor will be discussed.
Results

The Mutant 90-kDa Furin Precursor Enters into Particles and Shows
Authentic Features. The furin precursor Env has earlier been observed by SDS/PAGE in radioactive pulse chase experiments in Mo-MLV infected cells as an 80 kDa band (gp80), which matures, first by processing the N-linked sugar units and adding O-linked sugar units, to a 90-kDa form (gp90) and then by furin cleavage into the R-peptide precursor with disulfide-linked SU and TM subunits (27) (28) (29) (30) . We wanted to inhibit the furin cleavage by mutating the cleavage site and allow the 90-kDa form of the precursor to enter into virus particles, from which it should be easy to isolate as a trimer, after solubilization, by centrifugation in a density gradient and use for structural studies. However, several cleavage-deficient Env mutants have been constructed and, unfortunately, shown to be unable to enter into particles (31) . When screening these earlier experimental results, we found that one mutant, R466G/K468G, did assemble into virus particles, albeit inefficiently. We constructed the corresponding proviral genome (pNCA-GG), produced [ 35 S] Cys labeled virus in transfected 293T cells, isolated the particles (GGvirus), and analyzed them for Env by immunoprecipitation and subsequent nonreducing 13% SDS/PAGE. The results showed that Env was indeed incorporated into the particles (Fig. 1A , lane 1). The incorporation efficiency was about 10% of that observed for wt virus. Before using the mutant Env for structure analyses, we wanted to assure that it corresponded to the 90-kDa furin precursor of wt virus. The latter can be accumulated in wt virus-infected cells in the presence of a furin cleavage-inhibiting peptide (FIP) (32) . This peptide is toxic to the cells and compromises protein synthesis. Therefore, it is not useful for furin precursor production, but can be used to follow the 90-kDa form of the furin precursor analytically by SDS/PAGE. In the presence of FIP, the 90-kDa furin precursor can clearly be seen in wt virus-infected cells together with the original 80-kDa form (Fig.  1A, lane 4) . It is migrating somewhat slower than the 80-kDa furin precursor and, most importantly, identical to the Env of GG-virus (Fig. 1A, lane 1) . We conclude that it is the 90-kDa form of the furin precursor that has been assembled into the mutant virus. This protein is also seen in pNCA-GG-transfected cells both in the presence and absence of FIP as expected (Fig.  1A, lanes 3 and 5) . In contrast, in wt provirus-transfected cells, the 90-kDa form of the furin precursor is rapidly cleaved into the disulfide-linked SU−TM complex, which, as shown before, in nonreducing SDS/PAGE, migrates still slower than the 90-kDa furin precursor (Fig. 1A, lane 2) (32) . However, in reducing SDS/ PAGE, the latter complex separates into SU and TM (Pr15E) subunits (Fig. 1B, lane 2) , not seen with the mutant furin precursor (Fig. 1B, lanes 1 and 3) . The furin precursor mutant described above was incorporated into particles in the presence of amprenavir to prevent R-peptide cleavage and maintain the primary form of the furin precursor. To find out whether the viral protease can remove the R-peptide from the furin precursor mutant and whether amprenavir inhibits the cleavage, we produced GG-virus in the presence and absence of 0.8 μg/mL amprenavir and analyzed immunoprecipitated Env by 7% reducing SDS/PAGE after deglycosylation with PNGaseF. The furin precursor mutant produced without amprenavir migrated slightly faster than that made with amprenavir (Fig. 1C,  lanes 3 and 4) . The latter band was also split into a major slower migrating one and a tiny amount of a faster one comigrating with the furin precursor produced without amprenavir. Both bands migrated considerably slower than the SU band of wt virus produced in the presence and absence of amprenavir (Fig. 1C,  lanes 1 and 2) . We conclude that the mutant furin precursor maintains a conformation that can be cleaved by the viral protease and that amprenavir inhibits the cleavage.
To further test the furin precursor mutant for authenticity, we analyzed whether it was possible to make it fusion-competent by artificial cleavage with trypsin. To this end, we incubated the furin precursor in GG-virus at several different concentrations of trypsin. We noted that it was much more sensitive than the mature Env in wt virus ( Fig. 2A) . This suggested structural differences between the precursor and the mature Env. However, we could not observe the formation of subunit-like digestion products at any condition. Nevertheless, we engineered an Rpeptide less furin precursor provirus (pNCA-GGΔR), which we expressed in 293T cells, and tested the Env for trypsin-induced fusion with overlaid rat XC cells. Polykaryon formation did clearly take place using 12 μg/mL trypsin for 5 min at room temperature (Fig. 2D ) in contrast to trypsin-treated mocktransfected 293T cultures (Fig. 2B) and transfected 293T cells incubated without trypsin (Fig. 2C) . As expected, from the protein analyses of trypsin-treated GG-virus ( Fig. 2A) , the fusion efficiency was much lower than for wt provirus-transfected cells, which resulted in complete fusion of the mixed cell culture. We concluded that some fusion activity can be rescued from the furin precursor mutant with trypsin digestion.
Structure of the Furin Precursor Mutant Trimer. GG-virus was produced in four 150 cm 2 bottles with transfected 293T cells. The Env was solubilized in a mixture of 1M non-detergent sulfobetain (NDSB-201) and 0.3% Triton X-100 in the cold and affinity purified on a galanthus nivalis lectin column before isolation of Env trimers by sedimentation on a 0.4-1.2 M NDSB-201 gradient. Samples from fractions of the gradient were analyzed by Blue native (BN)-PAGE and silver staining. The mature trimeric Env control migrated between the thyroglobulin and ferritin marker proteins (Fig. 3A, lane 1) . We observed a clear band migrating slightly faster than mature Env in the gradient fractions (Fig. 3A, lanes 3-5) and concluded that this represented the furin precursor trimer. The somewhat faster migration than the mature Env might be due to a more compact structure. Some slower migrating material contaminated the precursor in the bottom part of the gradient (Fig. 3A, lanes 5-7) . The NDSB-201 was removed from fractions containing apparently pure trimeric furin precursor (fractions 6 and 7 in Fig. 3) , and this Env, in 0.05% Triton X-100, was analyzed by cryo-EM. About 10,000 particle images were collected and processed to generate a 3D structure of the trimeric furin precursor mutant at 22 Å resolution. This is shown in Fig. 3B , where it is compared with that of the R-peptide precursor at corresponding resolution, which we determined before (26) . Like the R-peptide precursor, the furin precursor displayed an open cage-like structure, but with the striking differences that the middle protrusion was missing and that the upper protrusion had become much bulkier. This was also evident when examining the activated intermediate form (IAS) of the furin precursor described below (see Fig. 5 ). The atomic structure of the RBD fits into the upper protrusion of the furin precursor, approximately as in the R-peptide precursor, but cannot account for all of its volume (SI Appendix, Fig. S1 ). Apparently, much of the C-terminal, i.e., the disulfide isomerase domain of SU, which represents the middle protrusion of the Rpeptide precursor and the mature Env, is associated alongside the N-terminal domain of SU, the RBD, when the Env is made. Furin cleavage then allows it to relocate and obtain its peripheral location as the middle protrusion in the spike. This interpretation was supported by the mapping of the C-terminal SU domain in the furin precursor using the Fab of the rat monoclonal Ab 83A25.
This monoclonal Ab reacts with most MLV strains, including Mo-MLV, and is directed against an epitope involving the most downstream small disulfide loop of SU, about 30 residues from the furin cleavage site (33, 34) . The Ab inhibits Env activation at a step after receptor binding (35) . The mAb immunoprecipitated the mature and both precursor forms of Env with equal efficiencies. We made complexes between the furin precursor and the 83A25 Fab in GG-virus and isolated the Env-Fab complexes as described above. However, although we incubated the virus with a molar excess of Fab, the BN-PAGE analysis of the final gradient sedimentation showed that the Fab occupancy on the trimer did not reach completeness. Nevertheless, we used the material for negative-stain EM and made an effort to process particle images slightly larger than unliganded Env trimers. The reconstructed structure showed the furin precursor with additional density on one side of the upper protrusion (Fig. 4, Center) . The latter must represent the Fab binding to the Env, although a complete Fab could not be reconstructed, possibly due to flexibility of the Fab molecule and/or substoichiometric ligand binding to Env. Indeeed, the additional density corresponds roughly to the volume of the variable fragment of an Ab (Fig. 4, Right) . We concluded that the enlarged upper protrusion in the furin precursor represents the RBD in association with the C-terminal domain of SU.
To investigate the possibility that the characteristic features of the furin precursor were caused, not by the cleavage inhibition, but by the GG mutation at the cleavage site, we also isolated a hemagglutinin (HA) epitope-tagged 80-kDa form of the furin precursor (gp80) from provirus-transfected cells for structural analysis by negative-stain EM. The analysis showed that, like in the gp90 form, the middle protrusion was truncated and the upper protrusion was bulkier than in the furin-cleaved R-peptide precursor (SI Appendix, Figs. S2 and S3) . However, the upper protrusion was differently shaped in the gp80 than in the gp90 furin precursor. All together, the results support a furin cleavage-mediated Env reorganization.
The Furin Precursor Undergoes Initial Steps of Activation. We showed before, using biochemical experiments, that the furin precursor contained the disulfide that shackles the SU and TM subunits in mature Env (32) . Furthermore, we demonstrated that the precursor could be activated in vitro by Ca 2+ depletion, like the mature Env, to isomerize this disulfide. However, the isomerization activation was significantly impeded compared with that of the mature Env. In the latter form, as well as in the R-peptide precursor, the isomerization of the intersubunit disulfide is associated with an opening of the Env cage roof through an outward turning of the RBDs and we wondered if this was also the case with the furin precursor despite the complex between the RBD and the C-terminal SU domain (18, 26) . Therefore, GGvirus was solubilized in the presence of EDTA and the thiol alkylating agent N-ethylmaleimide to convert the 90-kDa furin precursor into the activated intermediate state, IAS, and isolated for cryo-EM. The reconstruction of the 3D structure of the IAS furin precursor clearly showed the association of the C-terminal SU domain with the RBD, like in its native state (Fig. 5 , Left, side views). However, despite this association, the whole domain complex opened the cage roof of Env through an apparent outward rotation, like the RBDs did upon activation of the R-peptide precursor and the mature Env (Fig. 5, Left, top view) . We concluded that the furin precursor can undergo initial activation steps.
Discussion
We have here studied the structure of the furin precursor of Mo-MLV, i.e., the form of Env neither processed by furin into SU and TM nor by the viral protease to remove the R-peptide. The precursor was generated by violating the furin cleavage site by mutation, R466G/K468G, and by inhibiting the viral protease with amprenavir. The mutant was expressed as part of the corresponding provirus in transfected 293T cells and shown to assemble, although inefficiently, into particles from which it could be isolated for cryo-EM studies. The analyses showed that the middle protrusion, so characteristic for the furin-cleaved forms of Env, was missing and that the upper protrusion was much bulkier. Several properties of the mutant precursor suggested that it had an authentic structure. Like the wt precursor, it matured, by N-inked sugar processing and O-linked glycosylation in cells from an 80-kDa to a 90-kDa form and it oligomerized into trimeric complexes. Unlike the wt precursor, which rapidly was cleaved by furin into disulfide-linked SU-TM complexes, the mutant accumulated in the 90-kDa form. Although inhibited in furin cleavage, the R-peptide could be removed by the viral protease in particles when the amprenavir was omitted. Most importantly, it was possible to rescue some receptor-induced cell −cell fusion activity (fusion from within) with trypsin incubation, which apparently generated some functional subunits from the mutant precursor at the cell surface. Earlier studies have also demonstrated that an MLV vector with a similar Env mutation, R466A/K468A, was, when expressed in cells, able to interfere with the superinfection of the cells by another MLV vector using Shown is a surface-rendered structure reconstruction of uranyl acetatestained Fab liganded furin precursor in side view 1 (Center). For comparison, the corresponding view of (Left) the unliganded precursor (from Fig. 3 ) and (Right) the liganded furin precursor, with the atomic structure of the variable fragment (cartoon representation) of the monoclonal Ab 7E2 against the Paracoccus denitrificans cytochrome c oxidase fitted into its additional density, are also shown.
the same receptor (31) . The mutant Env most likely bound to and down-regulated the receptor in the cells.
We also studied the structure of an HA-tagged 80-kDa form of the furin precursor by negative-stain EM and found that it, like the 90-kDa form, was lacking the middle protrusion and carried a bulkier upper protrusion than the furin-cleaved forms of Env. However, the upper protrusion was differently shaped in the 80-kDa and the 90-kDa forms. This could be a consequence of the glycosylation difference between the two forms. Also, the possible effects of the acidic HA nanopeptide insertion into the PRR SU region of the 80-kDa precursor and the limited resolution of the latter structure must be considered.
As the middle protrusion in the furin-cleaved forms of Env should represent the C-terminal SU domain, we interpreted the furin precursor structure to mean that much of this domain was associated with the RBD in the upper protrusion making it bulkier. This topology was supported by the cryo-EM mapping with the C-terminal domain specific Fab of the mAb 83A25 and by the RBD fitting. The association of the C-terminal domain with the RBD might be mediated by the N-terminal part of TM, possibly the fusion peptide and/or its flanking region, because furin cleavage just upstream of the fusion peptide in the precursor apparently allows the C-terminal domain to relocate into the middle protrusion position. After furin cleavage in wt Env, one might speculate that the fusion peptide remains in complex with the RBD. Here it could stay protected by the tips of the bent finger-like RBD until Env is activated by receptor binding. Then, the outward rotation of the RBDs could release the fusion peptides into the opening in the Env roof that the RBD motion creates. Interestingly, mutations in RBD have been described that inhibit most of the cleavage of the furin precursor into SU and TM, but not its transport to the cell surface and incorporation into virus (36) . Possibly, these mutations distort the cleavage site via the putative RBD−fusion peptide interaction. This model also predicts that the RBD and the C-terminal SU domain of the furin precursor assemble first when the N-terminal part of the TM ectodomain with the fusion peptide has been synthesized in the RER of the infected cell. This assembly event might be guided by the formation of the intersubunit disulfide, linking the small disulfide loop in the middle of the TM ectodomain to the CXXC motif in the N-terminal part of the C-terminal SU domain (14, 37) . Just upstream of the CXXC motif, there is a conserved and essential N-linked sugar unit that might be important to mediate binding to folding chaperones for this assembly step (38) (39) (40) (41) . The newly assembled unit with the RBD, the TM N-terminal region, and the SU C-terminal domain might, furthermore, maintain necessary surface structures for trimerization of the Env precursor protomers.
The reorganization of the Env structure that we found in the Mo-MLV upon furin cleavage distinguishes the Mo-MLV Env from other type I membrane fusion proteins, where this maturation step does not cause major structural changes. For instance, in the case of the parainfluenza virus 5 fusion protein (F), there is only a minimal structural change upon cleavage (7) . Furin cleavage of the respiratory syncytial virus fusion protein results in a significant movement of the C terminus of F 2 and the N terminus of F 1 apart from each other, but the structural change remains local (8) . A similar local change is seen with influenza hemagglutinin when it converts from the precursor to the mature form (5, 6) . Even in the case of HIV-1, there seem to be no drastic changes in the overall structure of the spike protein upon furin cleavage (42, 43) . The reorganization seen with the Mo-MLV Env might activate the disulfide isomerase in the C-terminal SU domain. We found earlier that the intersubunit disulfide isomerization activity was present in the furin precursor, but this was increased eightfold by furin cleavage (32) . A corresponding structural reorganization might be present in other γ-retroviruses and also in the δ-retroviruses, like human T-cell leukemia virus, which also possess an isomerase domain (44) .
With this work, we complete a structural analysis of protein domain movements in the Mo-MLV during maturation and activation using cryo-EM and single-particle image processing. These include, in addition to the furin precursor, the R-peptide precursor, the mature Env, and the activated intermediated form of Env, the IAS (18, 26) . The structure of the final activated form, the trimer of back-folded TM, has been determined at atomic resolution earlier (3) . We found that the three protein domains of the protomeric unit of Env, the RBD, the C-terminal domain of SU, and the TM domain, undergo major reorganizations during the maturation/activation steps although the overall cage-like, open spike structure is maintained (Fig. 6 ). In the furin precursor, much of the C-terminal SU domain is associated alongside the RBD (Fig.  6, Fur prec) . After furin cleavage, it relocates, forming the middle protrusion of the R-peptide precursor (Fig. 6, R prec) . Cleavage of the R-peptide releases threefold interactions of the TM subunits, allowing them to obtain a peripheral location in the mature Env (Fig. 6, Mature) . Activation of the Env results initially in an outward rotation of the RBDs resulting in the opening of the spike roof (Fig. 6, IAS mature) . This passage is probably meant for the extended form of the TM subunits, but this we have not yet observed, and it constitutes a major future challenge of research.
Materials and Methods
The Mo-MLV provirus mutant (pNCA-GG) encoding a furin cleavage-deficient Env was constructed by PCR mutagenesis. The corresponding virus was produced in transfected 293T cells and the 90-kDa form of the furin precursor purified, after solubilization with Triton X-100, by lectin chromatography and sedimentation in a NDSB-201 gradient. The activated intermediate state of the furin precursor was induced by Ca 2+ depletion as described (26) . The provirus encoding a cleavage-deficient 80-kDa form of the furin precursor with an inserted HA tag was also constructed by PCR mutagenesis, but the Env was purified from transfected cells using antibody and lectin affinity chromatography and subsequent sedimentation in a sucrose gradient. Cryo and negativestain EM data were collected on a JEOL 2100F transmission electron microscope for reconstruction of the 3D structure by single particle image processing. Methodological details are given in SI Appendix, Materials and Methods.
